flickering light pulses. Results showed that ipRGC spiking can track flickers up to ~0.2 Hz in frequency,
23
and that flicker intervals between 5 s and 14 s evoke the most spikes. We also learned that melanopsin's 24 integration time is intensity-and cluster-dependent. Using these data, we constructed a mathematical 25 model for each cluster's intrinsic photoresponse. We found that the data for the M1 cluster are best fit by 26 a model which assumes a large photoresponse, causing the cell to enter depolarization block. Our models 27 also led us to hypothesize that the M2/M4 and M3/M5 clusters experience comparable photoexcitation, 28 but that the M3/M5 cascade decays significantly faster than the M2/M4 cascade, resulting in different 29 response waveforms between these clusters. These mathematical models will help predict how each give some insights into the underlying causes of ipRGCs' response diversity.
72

MATERIALS AND METHODS
73
Experimental procedures
74
All procedures were approved by the University Committee on Use and Care of Animals. Adult Sprague
75
Dawley rats of both sexes between 2 and 4 months of age were used. Animals were housed in a 12hr-76 light/12hr-dark environment, with all electrophysiological recordings made during the light phase. After 77 overnight dark adaptation, each rat was euthanized using CO 2 followed by pneumothorax. Under dim red 
83
After each piece of retina had been superfused in darkness for 40 -45 min, full-field 480 nm 84 stimulus light was presented using a monochromator (Optical Building Blocks, Edison NJ), following two 85 protocols: (1) single light steps presented for 10 s, 50 s, and 200 s, and (2) twenty 1-s pulses separated by 86 0 s, 1 s, 5 s, 14 s, and 29 s of darkness. Both protocols were repeated for light at intensities 12.9 log, 13.9 87 log, and 14.7 log photons cm -2 s -1 . Because pilot experiments revealed time-dependent reductions in 88 photoresponse amplitude, stimuli were presented in the orders shown in Fig. 1A (Fig. 3C) . By contrast, for each cell cluster, quantal efficiency (total spike count 148 divided by total photon count) usually decreased as duration increased (Fig. 3D ). Quantal efficiency also 149 tended to decrease as stimulus intensity increased, suggesting that, for example, a 10-fold increase in 150 photon count yielded fewer than 10 times the spikes.
152
Responses to repetitive light pulses Although these stimuli were tested at 12.9 log, 13.9 log and 14.7 log photons 155 cm -2 s -1 , the lowest intensity activated so few cells that it was excluded from further analysis. Several 156 cluster-independent generalizations can be discerned from these spike histograms. As expected, for all 157 five stimuli, the 14.7 log intensity evoked more spikes than the 13.9 log intensity. Moreover, light 158 adaptation was apparent at 14.7 log photons cm -2 s -1 since most responses decayed during the stimulus 159 train after peaking, although it was less pronounced or even absent at the lower intensity. In addition, 
212
The drive to the cascade is proportional to α(1-n), rather than n, in keeping with the "prompt 213 response" model which has been described in detail elsewhere (Kronauer et al. 1999 
256
The whole-cell recordings in while initially surprising given the significant amplitude differences between the two clusters' single-274 light-step responses (Fig. 2) , was necessary to fit the cluster responses to the flickering flashes (Fig. 4) 
293
This simple model can reproduce a remarkable number of features observed in the experimental 294 data. For instance, the characteristic shape of the response curve with an early peak followed by a lower 295 13 steady state (Figs. 2 and 6D ) results from the photic drive being proportional to α(1-n). Moreover,
296
terminating the light step when the firing rate is higher yields more post-stimulus spikes than ending the 297 light at a lower firing rate, because the signal decays exponentially in the absence of light (when α = 0). In 298 addition, the relatively high sensitivity of M1 cells at low light levels (Fig. 3A1) cluster differences in peak amplitude and total spike count (Fig. 6E,F) . As in the data (Fig. 5A2,B2 ), the 306 M1 and M3/M5 models produce the most total spikes with 14 s of dark intervals, while the M2/M4 model 307 produces the most total spikes at a 5-s interval (Fig. 6F) .
308
By contrast, the model has difficulty matching the M3/M5 cluster's flicker responses at 13.9 log 309 photons cm -2 s -1 light, which we attribute to a particularly high percentage of cells in the population failing 310 to respond at that intensity. The model is also unable to fully match the slow timescale of the M1 cluster's 311 firing rate decay after light offset (Fig. 6D) ; we hypothesize that this could be a consequence of only 
326
The single-light-step experiment confirmed several previously reported properties of ipRGCs.
327
Specifically, M1 cells have the lowest threshold (Fig. 3A1 ) and the shortest latency to peak (Fig. 3B1) declined faster with increasing interval at 13.9 log photons cm -2 s -1 (Fig. 5A1 ) than at 14.7 log photons 362 cm -2 s -1 (Fig. 5A2 ).
363
Thirdly, we found that all ipRGCs' spiking could track the 5s-interval (0.17-Hz) and lower-364 frequency flickers, though no obvious tracking of the 1s-interval (0.5-Hz) flicker was seen (Fig. 4) . 
396
One of the most interesting results from the flicker experiment is that the M2/M4 cluster has 397 approximately as many total spikes as the M3/M5 cluster at the 29-s darkness interval despite having 398 many more spikes at the shorter intervals. To fit this result, the k 1 parameters for both models were chosen 399 17 to be roughly equivalent. Furthermore, the two models' decay rates in darkness were very similar, and as 400 such the k 4 parameters were chosen to be the same for both clusters.
401
While many parameters are set to be the same in both the M2/M4 and M3/M5 models, the most 402 important difference between the two is the rate of decay of the cascade, k 2 . In the M2/M4 cluster, this 403 rate is approximately half the value of the M3/M5 cluster. This single parameter is able to explain the 404 differences in peak firing rate between the two clusters. One model prediction, therefore, is that faster 
412
Future modeling should also reevaluate the timescales of photocurrent activation and inactivation.
413
Our model includes only a single equation for photocurrent induction; however, this assumption impeded 414 our ability to fit the post-stimulus firing rate decay seen in the M1 cluster (Fig. 6D) . We hypothesize that 415 there could be independent fast and slow ion channels underlying M1 cells' photoresponses, which could 416 explain their rapid onset and slow offset. At present, the channels responsible for ipRGC 417 phototransduction are believed to be TRPC6 and TRPC7 (Xue et al. 2011). As more evidence emerges for 418 the precise roles of these channels, the model can be updated accordingly.
419
The different electrophysiological behaviors of the ipRGC clusters are likely "tuned" in some 420 sense to their different functional roles. By pairing these models with models of higher-order neurons, we 421 can begin to better understand how ipRGCs' form and function align in the brain. Table 1 
